Background {#Sec1}
==========

The lifetime prevalence of low back pain (LBP) is reported to be as high as 84%, whereas the estimated prevalence of chronic LBP (CLBP) is approximately 23% \[[@CR1]\]. Globally, it is the leading cause of disability \[[@CR2]\] and one of the most important reasons for work absenteeism, resulting in a high socioeconomic burden \[[@CR3]\].

Patients with CLBP form a heterogeneous group, which is exemplified by the differences in movement patterns within this population. While some patients with CLBP stiffen their spine and avoid spinal movements, others show the opposite pattern and adopt end range postures or move excessively into their painful direction \[[@CR4]\]. For the latter type of patients, movement control exercises are often prescribed \[[@CR5]\]. The aim of these exercises is to learn how to control movements into the painful direction, thereby reducing the mechanical load on the painful structures and decreasing peripheral nociceptive input \[[@CR6]\].

Changing movement patterns requires motor learning. The importance of external feedback (i.e. feedback coming from a source external to the person performing the task \[[@CR7]\]) in motor learning has been well established, and optimizing the way feedback is provided is therefore essential \[[@CR8], [@CR9]\]. While there is an abundance of literature on the role of extrinsic feedback to improve motor learning in a healthy population, many aspects of feedback provision in patients with LBP remain currently unexplored \[[@CR9]\]. When patients with LBP perform lumbar movement control exercises in the absence of a therapist, they typically have to rely on visual feedback (e.g. from a mirror) or palpation \[[@CR10]\]. However, the reliability and accuracy of these types of feedback can be questioned \[[@CR11], [@CR12]\], which may lead to a suboptimal learning process \[[@CR7]\]. With the development of rehabilitation technologies, new opportunities for providing external feedback have emerged \[[@CR13]\]. For example, wireless inertial motion sensors can be used to provide easy to understand and accurate feedback to the patient (e.g. via an avatar) \[[@CR13], [@CR14]\]. As such, sensor-based postural feedback might be more effective than conventional feedback for improving movement control, which in turn may enhance treatment effects.

Although movement control exercises are widely used in a variety of chronic pain populations, little is known about the influence of chronic pain on the capacity to learn new movement skills. From a theoretical perspective, it has been suggested that patients with CLBP might have a reduced motor learning capacity \[[@CR15]\]. One of the reasons for this hypothesis is that LBP can negatively influence proprioceptive acuity, leading to impaired intrinsic feedback from the lumbar spine \[[@CR16]\]. As a consequence, patients with LBP might have to rely more on external feedback and become more dependent on it \[[@CR7]\]. In addition, pain demands attention and can distract patients from the movement task \[[@CR17]\], which might in turn interfere with the learning process \[[@CR15]\]. However, empirical evidence for a reduced motor learning capacity in patients with CLBP is currently lacking and the scantly available research in other chronic pain populations shows equivocal results \[[@CR18], [@CR19]\].

Therefore, the aims of this study were (1) to assess whether sensor-based feedback is more effective to improve lumbopelvic movement control compared to feedback from a mirror or no feedback in patients with chronic low back pain (CLBP), and (2) to evaluate whether patients with CLBP are equally capable of improving lumbopelvic movement control compared to healthy persons.

Methods {#Sec2}
=======

Design {#Sec3}
------

A randomised controlled trial including healthy persons and patients with CLBP was conducted. Both groups of participants were randomised into three subgroups, each receiving a different type of feedback during the intervention, i.e. feedback from sensors, a mirror or no feedback (= control group). Randomisation was done with a computerised random sequence generator and allocation concealment was obtained by using sequentially numbered, sealed, opaque envelopes prepared by a person not further involved in the study.

The intervention consisted of a single exercise session during which participants practised a movement control task while receiving their assigned type of feedback. Movement control was assessed with lumbopelvic kinematics, which were obtained at baseline, during and immediately after the intervention.

Participants {#Sec4}
------------

Participants were recruited at private physiotherapy and GP practices and via social media. To be included, all participants needed to be between 18 and 65 years old and patients had to be diagnosed with chronic non-specific LBP (\> 3 months, ≥3 days/week). Exclusion criteria for all participants were: spinal surgery in the past, an underlying serious disease or a physical problem interfering with daily life activities (e.g. severe knee pain), signs or symptoms of nerve root involvement, performance of lumbopelvic movement control exercises in the past year and pregnancy. Healthy subjects were also excluded if they experienced LBP in the past year.

To ensure that participants were able to achieve an improvement in movement control, the performance on the baseline movement control tasks was an additional inclusion criterion. To be included, the maximal lumbar range of motion during the baseline movement control tasks had to exceed 10° (0° would be a perfect performance). Participants with less range of motion on either of the baseline movement control tasks were excluded. Although this threshold of 10° was set a priori, the lumbar range of motion could only be calculated after completion of the full protocol. Therefore, all of the included participants completed the protocol, but only those fulfilling the abovementioned criterion were included in the final analysis.

Assessments {#Sec5}
-----------

### Baseline assessments {#Sec6}

Sociodemographic data were obtained from all participants. Patients with CLBP also completed the Numeric pain rating scale (NPRS) \[[@CR20]\] to assess current pain and the average pain during the past 7 days, the Roland Morris Disability questionnaire (RMDQ) \[[@CR21]\] to assess disability and the Tampa scale for kinesiophobia (Miller RP, Kori SH, Todd DD: The Tampa Scale, unpublished) to assess the fear of movement/re-injury due to physical activity. After completing the questionnaires, participants performed two movement control tasks, i.e. a lifting task followed by a waiter's bow (Fig. [1](#Fig1){ref-type="fig"}). Both tasks were standardised for the participants' height and assessed with lumbopelvic kinematic measurements in the sagittal plane. Before the baseline kinematic measurements, the tasks were explained and demonstrated in a standardised way. For the lifting task, participants started from a relaxed standing position and were asked to lift a box with handles from a platform on the floor and to put it back down, while maintaining their lumbar curvature (i.e. not to flex or extend the lumbar spine). Participants were allowed to flex their knees as far as they wanted to. The distance from the box to the hallux was 15 cm. The dimensions of the box were 40 × 30 × 23.5 cm, and it weighed 4 kg. The top of the box was positioned 10 cm below the apex of the subjects' patella. For the waiter's bow, participants started with slightly flexed knees (±20°). Participants were instructed to keep their knees in the same position and to bend forward in the hips while maintaining their lumbar curvature. Participants had to touch the middle of a stool, marked with a piece of tape, which was positioned 15 cm in front of the hallux, and to return to their starting position. No familiarisation was allowed, and each task was performed five times at a self-selected speed.Fig. 1Movement control tasks. **a** Lifting task. **b** Waiter's bow

### Assessments during and after the intervention {#Sec7}

Kinematics were also obtained during and three minutes after the intervention. For the post-intervention kinematic assessment, participants first performed the waiter's bow and then the lifting task as described above. Immediately after the post-intervention kinematic assessment, all participants were asked to complete the Borg-scale for perceived exertion \[[@CR22]\], and to answer two questions on a 0 to 10 numeric rating scale: 'what was your average LBP intensity during the experiment?' (0 = no pain at all, 10 = worst imaginable pain), 'how fearful were you to damage your back?' (0 = not fearful at all, 10 = extremely fearful). If significant between group differences would be present on the post-intervention questionnaires, these would be controlled for in the data analysis, as they might influence movement patterns \[[@CR23]--[@CR25]\].

### Equipment {#Sec8}

The Valedo®motion research tool (Hocoma, Switzerland) was used to assess the lumbopelvic kinematics and to provide feedback in the sensor groups. This system consists of a laptop and three wireless inertial measurement sensors, which contain a magnetometer, 3D-accelerometer and a 3D-gyroscope. The sensors were placed on the spinous process of L1 and S1, and 20 cm above the lateral femoral condyle (Fig. [1](#Fig1){ref-type="fig"}). All three sensors were used for the kinematic assessment, while only the L1 and S1 sensors were used to provide feedback in the sensor groups. Details on the kinematic data acquisition have been previously described \[[@CR26]\].

Intervention {#Sec9}
------------

During the intervention, participants practised the waiter's bow during three sets of six repetitions while they received their assigned form of feedback. Each set of exercises was separated by one minute of rest. The lifting task was not practised. The feedback in the different groups was provided as follows:

### Sensor group {#Sec10}

The sensor-feedback was given via an avatar on a computer screen in front of the participants. The avatar was controlled by two movement sensors that were placed on the spinous process of L1 and S1. The upper body of the avatar corresponded with the S1-sensor and the green rectangle with the L1-sensor (Fig. [2](#Fig2){ref-type="fig"}). First, the system was calibrated when the participants assumed the starting position so that the green rectangle was placed in the middle of the avatar's upper body. Participants were instructed to keep the green rectangle on the avatar during the exercises, as this meant that the lumbar curvature was maintained (Fig. [2a](#Fig2){ref-type="fig"}). If the rectangle moved anteriorly of the avatar, this corresponded with a lumbar flexion (Fig. [2b](#Fig2){ref-type="fig"}), while a posterior displacement indicated a lumbar extension.Fig. 2Sensor-feedback with an avatar. **a** The green rectangle is kept on the upper body of the avatar, indicating that the lumbar curvature is maintained. **b** The green rectangle moves anteriorly to the avatar's upper body, indicating a lumbar flexion

### Mirror group {#Sec11}

A large mirror was placed laterally to the participants so they could see the stool and their whole body, and observe their spinal curvature during the exercises.

### Control group {#Sec12}

No feedback was provided.

ᅟ

Before the exercise trials, participants were explained how to use pelvic tilts to adjust the lumbar curvature. Hereafter, they were allowed to perform up to five pelvic tilts, during which participants in the sensor group could see how pelvic movements affected the position of the green rectangle relative to the avatar, participants in the mirror group could observe in the mirror how the pelvic tilts changed their lumbar curvature, while the control group received no feedback.

Outcome measures for addressing the primary and secondary aims of the study {#Sec13}
---------------------------------------------------------------------------

### Primary aim - effectiveness of feedback {#Sec14}

The influence of the different types of feedback on movement control performance and motor learning was of primary interest. Performance can be measured during or shortly after training, whereas motor learning can be assessed with a transfer test \[[@CR27]\]. As the participants only practised the waiter's bow, we used the differences between baseline and post-intervention kinematics of the waiter's bow as a measure of performance, while differences in the lifting task kinematics were used as a measure for motor learning. For each repetition, the maximal range of motion in the lumbar spine and hip joint was calculated and expressed in absolute values. Lumbar spine angles were calculated from the L1 and S1 sensors, while hip joint angles were calculated from the S1 and femoral sensors. This method is highly reliable for both tasks in this study (ICCs = 0.89--0.93) \[[@CR26]\]. The minimal detectable change between two measurements for the lifting task is 5.3° for the lumbar spine and 8.8° for the hip, while for the waiter's bow this is 6.5° and 11.8°, respectively \[[@CR26]\]. An improvement in movement control was defined as a decrease in the lumbar range of motion and an increase in the hip range of motion between baseline and post-intervention assessment. In addition to statistical significance, the abovementioned minimal detectable changes were used to interpret the results.

### Secondary aim -- Comparison between healthy persons and patients with CLBP {#Sec15}

The differences between healthy subjects and patients with CLBP in movement control performance improvement and motor learning was evaluated. This was done by comparing the change in lumbopelvic kinematics between baseline and post-intervention between both participant groups. In addition, the evolution of the performance on the waiter's bow task during the intervention was compared. In this way, it could be determined whether healthy participants and patients with CLBP needed the same number of repetitions to achieve an improvement on the waiter's bow.

To investigate whether participants became dependent on the external feedback, the performance on the last exercise trial (with feedback) was compared with the post-intervention performance (without feedback) on the waiter's bow. A significant decline on the post-intervention performance would indicate such dependence \[[@CR7]\].

Data analysis {#Sec16}
-------------

The statistical analysis was performed with SAS JMP Pro (Version 12.2). To examine the effectiveness of the feedback and the difference in movement control improvement between healthy participants and patients with CLBP, a multiple linear regression was performed. The following variables were entered in the initial model to predict the differences between baseline and post-intervention kinematics: type of feedback (i.e. control, mirror or sensor), health status (i.e. healthy or CLBP), joint (i.e. lumbar spine or hip) and all their pairwise interactions. To control for the baseline values of the lumbar spine and hip angles, this variable was also put in the initial model. The variable 'joint' was included in the model because the movements of the spine and hip were considered to be related to each other. The final model was obtained by stepwise backward regression. The variable with the least significant *p*-value was left out first, and this was repeated until all the variables reached significance (*p* \< 0.05). A Tukey all pairwise comparison was used as a post-hoc test.

A mixed model was used to assess the difference between healthy participants and patients with CLBP in the evolution of the performance on the waiter's bow task. This model was also used to examine the difference between the last repetition of the intervention and the post-intervention performance on the waiter's bow. The same variables from the linear regression were included in the mixed model, but 'repetition number' (i.e. baseline, repetitions during the intervention and post-intervention measurements were numbered) and its pairwise interactions with other variables were added as fixed factors. 'Participant' was used as a random factor to account for multiple measurements for the same participant.

Sample size calculation was based on an effect size (f^2^) of 0.2, power of 0.80 and α-level of 0.05. With these parameters, a total sample size of 80 participants was needed. Taking into account an attrition rate of 30% because of baseline performance on the movement control tests, 54 healthy persons and 54 patients with CLBP had to be recruited.

Results {#Sec17}
=======

The flow of participants through the study is shown in Fig. [3](#Fig3){ref-type="fig"}. Ten (19%) patients with CLBP and seven (13%) healthy participants were excluded based on their baseline performance on the movement control tasks. No significant differences in demographics (Table [1](#Tab1){ref-type="table"}) and baseline scores on kinematic outcome measures (Table [2](#Tab2){ref-type="table"}, first column) were observed between groups.Fig. 3Design and flow of participants through the trial. FB = feedback. ^a^ Participants were excluded after the trial, based on their performance on the baseline movement control tasks (exclusion criterion set a priori). Because the performance on the baseline kinematic measurements was calculated after trial completion, all participants were measured post-intervention, but only 44 participants in the low back pain group and 47 participants in the healthy group were included in the final analysisTable 1Baseline characteristics of the participantsCharacteristicPatients with chronic low back painHealthy persons*p*-valueControl\
(*n* = 15)Mirror\
(*n* = 15)Sensor\
(*n* = 14)Control\
(*n* = 17)Mirror\
(*n* = 15)Sensor\
(*n* = 15)Sociodemographic data Age (years)43 (12)36 (13)40 (17)37 (10)40 (14)33 (14)0.31 Gender, n female (%)5 (33)7 (47)6 (43)10 (59)6 (40)8 (53)0.31 Height (cm)176 (11)175 (7)171 (8)174 (5)170 (9)172 (9)0.38 Weight (kg)78 (14)69 (12)70 (11)70 (11)63 (11)71 (13)0.05LBP Questionnaires Onset LBP *(years)*^a^3 (7)4 (6)6 (10)0.56 NPRS 7 days *(0--10)*4.9 (1.5)4.5 (1.9)4.5 (1.4)0.72 NPRS current *(0--10)*3.1 (2.0)2.9 (1.9)3.2 (2.2)0.93 RMDQ *(0--24)*7.7 (3.5)7.5 (4.9)6.6 (3.3)0.69 TSK *(17--68)*37.9 (5.5)37.1 (6.9)37.1 (8.6)0.94Data are mean (SD), unless mentioned otherwise*LBP* low back pain, *NPRS* Numeric pain rating scale, *NPRS 7 days* average pain during the past 7 days measured with a NPRS, *NPRS current* current pain measured with a NPRS, *RMDQ* Roland-Morris Disability Questionnaire, *TSK* Tampa scale for kinesiophobia^a^Median (IQR)Table 2Baseline and post-intervention maximal range of motion in the lumbar spine and hip jointBaselinePost-interventionMean difference (95%CI)Chronic low back pain Waiter's bow  Lumbar spineControl17.9 (5.9)17.5 (6.6)−0.4 (−2.9 to 2.0)Mirror18.5 (4.3)15.8 (2.7)−2.7 (−0.5 to − 0.2)Sensor16.2 (6.2)6.5 (4.7)− 9.7 (− 13.9 to − 5.5)^a^  HipControl27.8 (16.3)28.3 (15.8)0.5 (− 4.7 to 5.8)Mirror36.0 (13.7)38.5 (14.2)2.5 (− 3.4 to 8.4)Sensor31.4 (9.8)46.1 (11.8)14.7 (6.4 to 23.0)^a^ Lifting task  Lumbar spineControl23.7 (7.2)22.0 (10.6)− 1.7 (− 5.1 to 1.8)Mirror20.5 (7.2)18.9 (4.7)− 1.6 (− 4.1 to 1.0)Sensor21.0 (7.5)13.9 (7.8)−7.2 (− 3.7 to − 10.7)^a^  HipControl89.2 (13.6)87.3 (14.7)− 1.9 (− 7.9 to 4.1)Mirror91.1 (13.6)86.3 (19.2)− 4.9 (− 11.5 to 1.8)Sensor89.7 (12.8)95.4 (9.8)5.7 (− 0.1 to 11.5)Healthy subjects Waiter's bow  Lumbar spineControl20.5 (7.3)18.7 (9.7)−1.8 (−6.3 to 2.8)Mirror22.2 (7.7)20.6 (9.8)−1.6 (−5.1 to 1.8)Sensor21.5 (6.1)8.2 (4.4)− 13.3 (− 17.9 to − 9.4)^a^  HipControl26.1 (10.5)33.4 (13.8)7.2 (− 1.6 to 12.9)Mirror27.7 (12.7)33.5 (15.1)5.8 (1.1 to 10.4)Sensor30.7 (10.1)45.1 (7.4)14.5 (9.2 to 19.7)^a^ Lifting task  Lumbar spineControl24.1 (10.7)22.4 (11.0)− 1.8 (− 3.0 to − 0.7)Mirror27.8 (7.0)26.9 (7.3)− 0.9 (− 3.7 to 1.8)Sensor27.0 (8.3)19.8 (7.0)− 7.1 (− 2.6 to − 11.7)^a^  HipControl88.0 (13.1)86.7 (12.7)− 1.3 (− 8.8 to 2.1)Mirror92.4 (13.3)92.6 (7.8)0.2 (−4.2 to 4.6)Sensor83.9 (14.1)92.1 (10.7)8.2 (3.1 to 13.3)All data are expressed as angles in degrees (°). Data for baseline and post-intervention are mean (SD). Mean difference = post-intervention minus baseline^a^Mean difference \> measurement error

Effectiveness of feedback {#Sec18}
-------------------------

The results of the linear regression and post-hoc tests are presented in Table [3](#Tab3){ref-type="table"} (see Additional file [1](#MOESM1){ref-type="media"} for a detailed sum of squares table). In both the healthy participants and patients with CLBP, the sensor group improved significantly more than the mirror and control group (post-hoc tests, *p* \< 0.0001), while no differences were observed between the mirror and control group (post-hoc tests, *p* \> 0.91). These results were obtained for both the waiter's bow and the lifting task, as well as for the lumbar spine and hip. The improvements in the sensor groups were also larger than the measurement error (i.e. minimal detectable change), except for the hip during the lifting task (Table [2](#Tab2){ref-type="table"}). There were no between groups differences in the post-intervention questionnaires (see Additional file [2](#MOESM2){ref-type="media"}).Table 3Results of the linear regression analysis and post-hoc tests for type of feedbackLinear regressionPost-hoc multiple comparisons for type of FBFixed effects*p*-valueComparisonEstimated differences between groups (95% CI)*p*-valueWaiter's bow Initial model  Health status0.09  Type of FB\< 0.0001  Joint0.01  Baseline score kinematics0.06  Health status\*type of FB0.61  Health status\*Joint0.71  Type of FB\*Joint0.94 Final model  Type of FB\< 0.0001Mirror minus Control0.6 (− 3.1 to 4.4)0.91  Joint0.04Sensor minus Control10.6 (6.8 to 14.3)\< 0.0001^a^Sensor minus Mirror9.9 (6.1 to 13.7)\< 0.0001^a^Lifting task Initial model  Health status0.20  Type of FB\< 0.0001  Joint0.029  Baseline score kinematics0.003  Health status\*type of FB0.65  Health status\*Joint0.44  Type of FB\*Joint0.57 Final model  Type of FB\< 0.0001Mirror minus Control−0.3 (− 3.7 to 3.0)0.97  Joint0.02Sensor minus Control6.9 (3.5 to 10.2)\< 0.0001^a^  Baseline score kinematics0.002Sensor minus Mirror7.2 (3.8 to 10.6)\< 0.0001^a^*FB* Feedback, *Health status* healthy of CLBP, *Joint* lumbar spine or hip, *Type of FB* sensor, mirror or control^a^in favour of the sensor group

Based on the type III sum of squares tables (see Additional file [1](#MOESM1){ref-type="media"}), it is clear that the type of feedback is the most important factor contributing to the variance that is explained by the final regression models of the waiter's bow and lifting task, while the factor joint only explains a small proportion. A significant part of the variance that is explained by the final model of the lifting task can be attributed to the baseline scores on the kinematic assessments. Participants who had a worse performance on the baseline lifting task had a larger improvement.

Comparison between healthy persons and patients with CLBP {#Sec19}
---------------------------------------------------------

The variable health status (i.e. healthy or CLBP) and its interaction with repetition number were not retained in the final mixed model (Table [4](#Tab4){ref-type="table"}). This indicates that patients with CLBP were equally capable of improving lumbopelvic movement control, and that the evolution of the performance on the waiter's bow task was similar between both participant groups (see Fig. [4](#Fig4){ref-type="fig"} for an example of the sensor groups). These results are further supported by the fact that only a small proportion of the variance that is explained by the final model can be attributed to each of the variables pertaining to our second research question (see Additional file [3](#MOESM3){ref-type="media"} for a detailed sum of squares table). Post-hoc tests also showed that there were no differences between the performance on the last exercise trial and the post-intervention assessment of the waiter's bow. This demonstrates that participants in the mirror and sensor groups did not become dependent on the feedback.Table 4Results for the mixed modelFixed effects*p*-valueInitial model Health status0.40 Type of FB\< 0.0001 Joint\< 0.0001 Baseline score kinematics\< 0.0001 Repetition number\< 0.0001 Health status\*type of FB0.83 Health status\*Joint0.01 Type of FB\*Joint0.08 Repetition number\*type of FB\< 0.0001 Repetition number\*Health status0.28 Repetition number\*Joint0.09Final model Health status0.38 Type of FB\< 0.0001 Baseline score kinematics\< 0.0001 Joint\< 0.0001 Repetition number\< 0.0001 Health status\*Joint0.01 Repetition number\*Type of FB\< 0.0001*FB* Feedback, *Health status* healthy of CLBP, *Joint* lumbar spine or hip, *Type of FB* sensor, mirror or controlFig. 4Evolution of the performance on the waiter's bow in the Sensor groups throughout the intervention. On the Y-axis, the range of motion (ROM) in the lumbar spine is shown in proportion to the baseline ROM. A decrease in ROM indicates an improvement in movement control

Discussion {#Sec20}
==========

The primary aim of this study was to compare the effectiveness of different types of external feedback to improve lumbopelvic movement control in healthy persons and patients with CLBP. Our results show that sensor-based postural feedback was more effective to improve lumbopelvic movement control than feedback from a mirror or no feedback. Furthermore, being provided with feedback from a mirror did not lead to better results than receiving no feedback at all.

We hypothesize that the lack of improvement in the mirror group could be explained by the difficulty for unexperienced persons to visually detect changes in the lumbar curvature during the waiter's bow. Although physiotherapists can reliably assess the waiter's bow by observation, observer training may play an important role in this assessment \[[@CR28]\]. Possibly, a longer teaching and familiarization period before the intervention could have enhanced the effectiveness of the mirror-feedback.

In contrast, the very short introduction to the sensor-feedback was sufficient to improve lumbopelvic movement control. We believe that the avatar provided more accurate and easy-to-understand feedback, which required no advanced training in order to interpret it correctly. It has been shown that abstract visualisations can be more effective than very realistic feedback (e.g. via a video or mirror) because they can provide information about key features of the task only, without overwhelming the participants with irrelevant information \[[@CR8]\]. Participants in the sensor group only had to look at the green dot relative to the avatar's upper body, while participants in the mirror group could also see movements in other body regions that were irrelevant to the task.

In addition, the screen displaying the avatar could be placed in front of the participants, whereas the mirror had to be positioned laterally to visualise the movements in the sagittal plane. Although this difference in position could be interpreted as a confounding factor because participants in the mirror group had to turn their heads in order to view their spinal curvature, the possibility to place the computer screen in the most convenient position should rather be considered as an inherent advantage of the sensor-feedback.

Finally, the improvements on the lifting task were partially explained by the baseline kinematic scores. Participants who performed worse on the lifting task at baseline assessment had a significantly larger improvement, which indicates that the motor learning effect was more pronounced in these participants. This might be explained by the fact that persons who performed worse at the baseline lifting task also had a larger potential for improvement.

Besides a mirror, various other types of conventional feedback, including tape or palpation \[[@CR10]\], can be used to support patients during lumbopelvic movement control exercises. The rationale for comparing the sensor-based feedback to feedback from a mirror was twofold: First, a mirror is frequently being used or recommended to provide postural feedback during lumbopelvic movement control exercises \[[@CR10], [@CR29]--[@CR31]\]. Second, and more importantly, both the mirror and sensors provided visual feedback, whereas palpation and a tape provide tactile feedback. Because visual motion detection is processed differently than tactile motion detection \[[@CR32]\], we chose to compare the sensor feedback to feedback from a mirror.

Healthy subjects and patients with CLBP were equally capable of improving lumbopelvic movement control. It has been suggested that pain could negatively influence skill acquisition and motor learning by distracting people from the task they are performing \[[@CR15]\]. However, this distraction mainly occurs when the pain is more intense, unfamiliar or unexpected \[[@CR17]\]. The patients with CLBP in our study did not report an increase in pain during the exercise trials and there is no reason to assume that the pain they felt was unexpected or unfamiliar. Therefore, it is unlikely that patients with CLBP were distracted from the movement task.

Pain can also affect proprioceptive acuity and impair the intrinsic feedback system \[[@CR33]\]. When less reliable intrinsic feedback is available, the dependency on the extrinsic feedback may increase \[[@CR7]\]. Overall, patients with CLBP have decreased lumbosacral proprioception compared to healthy persons \[[@CR16], [@CR34]\], so it can be argued that removing the external feedback could influence the performance on the waiter's bow more in patients with CLBP than in healthy participants. On the other hand, these proprioceptive impairments may be position specific (e.g. sit versus stance) \[[@CR34]\] and little is known about proprioception during dynamic tasks \[[@CR16]\], such as the ones in the present study. Our results show that omitting the external feedback had no influence on the performance on the waiter's bow in both participant groups. This suggests that patients with CLBP also used information from the sensorimotor system to adjust their spinal curvature during the exercise trials \[[@CR8]\], and that they did not rely more on the external feedback than healthy subjects. The improvements on the lifting task in the sensor groups further support this notion, as it indicates that both participant groups were able to transfer their newly learned skills to a different task. Therefore, it seems appropriate to use concurrent sensor-based feedback during the initial learning phase of movement control tasks in patients with CLBP.

Several limitations apply to this study. First, motor learning was only assessed with a transfer test, and not with a retention test. Both the transferability of practised skills and the long-term retention effects are important aspects of motor learning \[[@CR27]\]. Because it is impossible to provide movement control training during every single activity an individual needs to perform, persons should be able to implement their newly acquired skills during activities that were not practised. In addition, the movement control improvements should be retained in the long term. However, because a retention test was not included in this study, we cannot make any statements regarding the longstanding effects of the sensor-based feedback.

Second, the mobility of the lower limb joints was not evaluated at baseline assessment. According to the concept of relative flexibility, a restriction in one joint could influence the movements in an adjacent joint \[[@CR6]\]. Especially during the lifting task, more end range movements were necessary in the hip joint. As such, a restriction in hip joint mobility could have influenced the lumbar movements. On the other hand, participants with any physical problems other than LBP (e.g. hip or knee pain) that interfered with daily life activities were excluded from this study. Therefore, we believe it is unlikely that a (pathological) restriction of lower limb joint mobility would have significantly influenced the movement patterns in the lumbar spine.

Finally, our measurement and feedback system only contained three sensors. Due to these technical limitations, we could only measure the movements in the lumbar spine and hip joint. Consequently, we cannot exclude that some patients might have used compensatory movements in the thoracic spine while performing the movement control tasks. On the other hand, the reduction in lumbar ROM in the sensor group was accompanied by an increase in hip joint motion, indicating movements in the hip joint and lumbar spine were coupled.

Conclusions {#Sec21}
===========

The recent development of rehabilitation technologies creates new possibilities for therapists and patients to support the rehabilitation process. As such, evaluating the effectiveness of these rapidly evolving technological systems poses an important challenge. The present study shows that sensor-based postural feedback is more effective than feedback from a mirror or no feedback to improve lumbopelvic movement control in the short term. Patients with CLBP were equally capable of improving lumbopelvic movement control as compared to healthy participants. Future research should focus on the long-term retention effects and evaluate whether supporting exercises with sensor-based feedback leads to larger improvements in pain and disability compared to conventional exercise therapy.
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Additional file 1:Type III sum of squares table of the final model of the regression analyses. Table showing the Type III sum of squares table of the final model of the regression analyses. (DOCX 14 kb) Additional file 2:Results for post-intervention questionnaires. Table showing the results for post-intervention questionnaires. (DOCX 15 kb) Additional file 3:Type III sum of squares table for the mixed model analysis. Table showing the Type III sum of squares table for the mixed model analysis. (DOCX 14 kb)

CLBP
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:   Low back pain
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